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3Abstract
The aim of this study was to detect factors that influence the growth and recruitment of burbot (Lota 
lota). The recruitment of burbot is generally determined during the pre-juvenile period. The driving 
forces behind this early determination of the year-class strength are biotic and/or abiotic. The biotic 
mechanisms are often grouped into two major hypotheses: starvation and predation, where density-
dependent effects during the pre-recruit phase may attenuate recruitment variability. In addition to these 
general recruitment hypotheses, the River Kyrönjoki forms a special case, since the river is episodically 
acid. This acidification is so severe that its effects upon the fish population dynamics must be 
considered if the effects of other variables are to be studied. For fisheries management, concern about 
recruitment and stock continues to be the ultimate problem.  
The burbot population abundance off the River Kyrönjoki was the largest at the beginning of the study 
period. Due to several acid periods during the early and mid-1980s, the population decreased to a 
minimum in the late 1980s. Since the pH-conditions were better during the late 1980s and early 1990s, 
the adult population grew until it started to decrease in the late 1990s. These variations in population 
abundance also triggered variations in growth. The mean lengths-at-age increased from the early 1980s 
to the mid 1980s. Towards the late 1990s, the mean lengths-at-age became essentially the same as they 
were at the beginning of the study period. Thus, adult growth, during the study period 1979-1997, was 
density-dependent, albeit also negatively correlated to the summer temperature sum.  
During the early study period, the burbot catch off the River Kyrönjoki consisted mainly of two year-
classes, 1975 and 1978. These two years were also the only two years when the water quality was 
classified as being good. The recruitment variations, however, were not determined by the severity of 
the annual acidification, but more importantly, by the timing of the acid period. During the incubation 
stage, burbot eggs may withstand low pH, but calculated over a limited time interval, 7th May and 20 
days thereafter, acidification impaired the recruitment by causing the direct mortality of burbot larvae. 
The pH-function alone, however, did not explain more than 30% of the recruitment variability. 
Together with a Ricker stock-recruitment function, the acidification and temperature sum of the first 
growing season described more than 90% of the recruitment variability. Because the growth of age-0 
burbot was temperature-dependent, it was anticipated that the summer temperature would have a 
positive impact on recruitment. Our results confirmed that burbot reproduction may be limited in lakes 
with phosphorus levels > 50 µg/L.  
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6Introduction
In marine systems, primary production may set 
boundaries for fish production. However, fish 
recruitment variation is enormous and is not only 
determined by production on lower trophic levels 
(Hansson and Rudstam 1990). For marine fish 
species, a body of data suggests a link between 
events during the pre-juvenile period and 
subsequent recruitment.  
The driving forces behind this early 
determination of the year-class strength are biotic 
and/or abiotic. The biotic mechanisms are often 
grouped into two major hypotheses: 1) 
starvation/food abundance and 2) predation, 
where density-dependent effects during the pre-
recruit phase may attenuate recruitment 
variability (Leggett and Deblois 1994, Cowan et 
al. 2000). Quite often, the effect of these two 
hypotheses is conformed into the bigger is 
better hypothesis, i.e. that bigger faster growing 
fish possess a lower mortality because they can 
withstand both predation and starvation better 
than their smaller counterparts (Sogard 1997).  
In addition to these general recruitment 
hypotheses, the River Kyrönjoki forms a special 
case. The river is episodically acidic. This 
acidification is so severe that its effects upon the 
fish population dynamics must be considered if 
the effects of other variables are to be studied. 
For fisheries management, concern about 
recruitment and stock, however, continues to be 
the ultimate problem (Rotschild 2000).  
Acidification, like other forms of pollution, 
impairs the recruitment of fish (Kime 1995). 
Recruitment failure, rather than the death of 
adults or large juveniles, is probably the main 
reason for the decline or disappearance of fish 
populations (Sayer et al. 1993).  
Burbot (Lota lota) is a Holarctic freshwater fish 
(Baily 1972). The Finnish professional fisheries 
catch in the sea from the 1980s to the end of the 
century has been 90-160 metric tonnes annually 
(http://www.ices.dk/hl/ICES_Marine_Data_Centr
e.htm). The value of this catch has constituted 
roughly 1% of the sales value the Finnish sea 
fisheries. For local fishery, burbot may, however, 
be more important; the River Kyrönjoki estuary 
forms such an area. Before the catch collapsed in 
the latter half of the 1980s, burbot in February 
was the most important catch species, locally, 
during the spawning fishery (Hudd and Leskelä 
1998).  
Burbot spawn by the end of February (Baily 
1972), even though spawning may take place 
between December-May (Koli 1990) or even be 
postponed (Segerstråle 1945, Pulliainen and 
Korhonen 1990, Pulliainen et al. 1992). The 
burbot eggs hatch after 90-126 degree-days, with 
an optimum temperature of 4 ºC (Bengtson 1973, 
Jäger et al. 1981). After hatching, the burbot 
larvae go through a short pelagic phase after 
which they are found in protected shallow bays 
(Hudd et al. 1983, Eloranta 1985). Soon after, the 
juveniles turn benthic (Eloranta 1985, Ryder and 
Pesendorfer 1992, Edsall et al. 1993) and stay in 
shallow water until the end of the second 
growing season (Eloranta 1985, Fischer and 
Eckmann 1997a 1997b). 
Growth is generally accepted to be both a 
density-dependent and density independent 
process. Thereby, growth is often a function of 
the relationship between potential food resources 
and temperature (Salojärvi 1992). By 
comparison, the growth of gadoid species has 
been demonstrated to be dependent on population 
size as well as temperature (Dorn 1992, 
Jørgensen 1992). There are no measurements on 
the optimum temperature for the growth of 
burbot available. Rudstam et al. (1995), however, 
assumed the optimum temperature for 
consumption to be the same for adult burbot and 
cod (Gadus morhua) at 13.7 ºC; where both 
species stop feeding at 23 ºC. 
Most studies confirm that burbot is an omnivore, 
even if the adult burbot (>30 cm) is primarily a 
piscivore (Gottberg 1912, Baily 1972, Sandlund 
et al. 1985, Guthruf et al. 1990, Pulliainen et al. 
1992, Rudstam et al. 1995). Larvae feed on 
plankton, and juveniles primarily on insects and 
crustaceans (Lehtonen 1973, Eloranta 1982, 
Ryder and Pesendorfer 1992). The diet varies not 
only with the size of the fish but also with the 
season. During the late summer when the water 
temperature is at its warmest, large burbot also 
feed on an abundance of available insects 
(Guthruf et al. 1990). 
Burbot populations generally appear to be fairly
stable among the years (Carl 1992, Lehtonen et
al. 1993), albeit burbot fisheries do have a history
of collapses and it has been suggested that 
populations are vulnerable to recruitment over-
fishing (McPhail 1997). Burbot, in the Baltic Sea, 
is particularly vulnerable to local environmental
changes (cp. Karås 1989). Reproduction of
burbot in brackish waters is dependent on
freshwater outflows (Lehtonen and Hudd 1990).
The reproduction is moreover acidification
sensitive, suffering already at pH:s below 6 
(Beamish et al. 1975, Bergquist 1991).
Th vulnerability of burbot to acidification is 
confirmed in the extinction and reduction of
several burbot populations in small streams of the
Littorina area (Hildén et al. 1984) and lakes
affected by acid precipitation (Appelberg et al.
1992, Rask 1992, Rask et al. 1995) and
eutrophication (Svärdson and Molin 1981,
Hakkari 1992, Tammi et al. 1997).
Aim of the thesis 
The aim of this thesis was to detect factors that
influence growth and recruitment of burbot ().
Growth of juvenile fish is usually temperature-
dependent. In article I, the results of Eloranta
(1985) were re-examined. The aim was to study
�� the relationship between temperature
and growth of young burbot, and the
effect of studying, on the one hand, the
growth rate (mm day-1) and, on the
other, the growth (mm) between two
samples.
The objective of article II was to study
�� if the increasing length-at-age, in the
commercial burbot catch, was a 
consequence of the altered population 
densities of both burbot and its potential
prey species.
The objective of article III was to study
�� if adult growth was negatively related to 
population abundance.
�� how the improved pH conditions in the
1990s, together with temperature and
population size, affected recruitment in
the years 1979-1997 in the River
Kyrönjoki.
The objective of articles IV and V was to study
�� the relationship between year-class 
strength of burbot and acidification
variability.
The aim of article VI was to probe
�� the occurrence of burbot larvae in
relation to levels of total phosphorus
concentrations.
It was hypothesised that the fewest larvae should
be found in the most eutrophic part of the lake,
while the most larvae should be found in the least
eutrophic basins.
Growth
Temperature (II, III)
Population abundance (II, III)
Adult Larva/juvenile
Temperature (I)
Population abun
Recruitment
Adult
dance (III)
Larva/juvenile
Temperature (III)
Population biomass (III)
Acidification (III, IV, V)
Eutrophication (VI)
Fig. 2. The outline of the thesis. The studied
factors are presented in bold, the studied stage
is underlined, and the studied variables are 
presented in plain text. The numerals refer to 
the original papers.
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8Material and methods 
Study areas and water quality data 
The thesis involves burbot populations from three 
areas in Finland, Lake Hiidenvesi (24ºE, 60ºN), 
Lake Kuohijärvi (25ºE, 62ºN), and the waters of 
the River Kyrönjoki (22�E, 66�N).  
Larvae were sampled in Lake Hiidenvesi (VI). 
The most eutrophic basin in Lake Hiidenvesi, 
known as the Kirkkojärvi basin, is shallow with 
mean and maximum depths of 0.9 and 4 m 
respectively. The drainage area is characterised 
by fields and urbanised areas. During the open 
water season of the year 1997, the average total 
phosphorus concentration was 94 µg dm-3
(Tallberg et al. 1999).
The next basin downstream, known as the 
Mustionselkä basin (total-P 82 µg dm-3, with 
mean and maximum depths of 2 m and 4 m 
respectively) has a watershed with an emphasis 
on agriculture, although it receives much of its 
water directly from the Kirkkojärvi basin.  
The third basin, known as Nummelanselkä, is in 
the transition area, next to the pelagic area of the 
lake, with mean and maximum depths of 2.6 and 
10 m respectively, and total-P 46 µg dm-3. The 
deepest part of the lake, known as the 
Kiihkelyksenselkä basin (with mean and 
maximum depths of 11.2 m and 33 m 
respectively), is also less eutrophic (total-P 41 µg 
dm-3) and the shoreline is much rockier with a 
steeper drainage area.  
The last basin, known as Retlahti (with mean and 
maximum depths of 7.9 m and 19 m 
respectively), has approximately the same or a 
slightly lower level of phosphorus concentration 
as found in the Kiihkelyksenselkä basin. 
Young burbot (I) were sampled in Lake 
Kuohijärvi. Lake Kuohijärvi is a medium sized 
(35 km2) oliogtrophic, oligohumous, deep (max. 
depth 33 m) lake in the Finnish Lake District. 
The surface water temperature of Lake 
Kuohijärvi was measured daily at 8 a.m. in 1978. 
In 1979 and 1980 temperature was measured only 
at the days of fish sampling. The surface water 
temperature of the remaining days was 
approximated from Lake Pääjärvi, 10 km from 
Lake Kuohijärvi (Eloranta 1985). When a year-
class was sampled for several years, the winter 
mean water temperature was assumed to be 2 ºC. 
Degree-days (DD) were calculated by 
multiplying the average surface water 
temperature with the number of days between 
samplings. 
Samples of spawning burbot (II, III, IV, V) were 
taken in the waters off the River Kyrönjoki. The 
river has a long history of manipulations, and in 
the 1970s most channels were sealed off and the 
main riverbed was embanked. Thereafter, water 
from the arable land in the catchment had to be 
largely pumped into the river (Hudd et al. 1984).  
Unfortunately, the river runs through sulphide-
bearing fine-grained sediments. These sediments 
are pH neutral when anaerobic but turn acidic 
when aerated; a process that occurs either 
naturally, due to postglacial land uplift, or 
anthropogenically, due to the lowering of 
groundwater levels. The acidity is washed out 
into the river after heavy rainfalls in autumn or 
during the snowmelt in spring. During these 
periods the pH in the lower reaches of the river 
may drop below 5, while during summers with 
low groundwater levels, it is usually above 7 
(Palko 1994).  
In addition to these seasonal fluctuations, there 
are also large annual variations. In some spring 
periods, pH may be less than 5 for several weeks, 
while in other years it hardly ever goes below 6. 
The river is also eutrophic. During the 1990s, the 
phosphorous and nitrogen discharges from the 
River Kyrönjoki have, if anything, decreased 
(BERNET 2000), but the total phosphorus 
concentration is about 100 µg dm-3. The total 
nitrogen content is about 2000 µg dm-3. The 
water is brown but variable, 170-400 mgPt dm-3.
The river empties into a broad archipelago in the 
Gulf of Bothnia. The sea water salinity off the 
estuary varies 0-4 depending on river flow 
(HQ = 480 m3s-1, MQ = 43 m3s-1, and NQ = 1.9 
m3s-1). The drainage area of the river is 4923 km2
(http://www.vyh.fi/ympsuo/projekti/lifeppo/kyroj
oki/kyropaa.htm). For more detailed information 
9on the river hydrology see Hudd et al. (1984), 
Meriläinen (1985), Rantala (1991) and BERNET 
(2000).  
From 1983 onwards, the pH and temperature in 
the river were measured regularly 2-7 times 
week-1 by the West Finland Regional 
Environmental Centre. The pH from 1979-1982 
was estimated by Hudd et al. (1984). The 
temperature and pH for days of no measurements 
were interpolated by linear filling. Water 
temperature at the summer dwelling sites of the 
river was measured at the closest seawater 
monitoring station, Valsörarna, by the Finnish 
Institute of Marine Research. Air temperature, as 
daily mean temperatures, was measured at Vaasa 
airport (63°03 N, 21°46 E) by the Finnish 
Meteorological Institute. 
Burbot and catch data 
Burbot larvae were sampled in May 1999 in Lake 
Hiidenvesi (VI). Burbot larvae was sampled with 
cylindrical white plastic scoops (volume = 1 and 
2 dm-3, diameter = 17 and 23 cm, and handgrip 
length 17 cm for both models) in the littoral zone, 
at a depth of 10-50 cm, at 4-5 stations in all five 
basins on the14th and 19th of May.  
The method has previously been used by Hudd et 
al. (1983). The sampling was performed so that 
each person took 6-20 scoops, at least 1 m apart, 
at every station. Pelagic fish larvae were also 
sampled with a plankton net (diameter 50 cm, 
180 mm mesh size) on the18h and 26th of May. 
Each day 3 vertical (bottom or 8 m deep to 
surface) hauls were taken in the middle of each 
basin, except in the Retlahti basin. All the 
samples were taken during day-time. All scoop-
sampling stations were set to shallow in protected 
bays, where 4 habitats were defined, based on the 
vegetation and depth in the sampled area:  
1. macrophyte vegetation with dead leaves 
floating on flooded shores with a depth of 
< 50 cm within 2 m from the water line, 
2. macrophyte vegetation with dead leaves 
floating with a depth of > 50 cm 2 m from 
the water line, 
3. dead dense emergent macrophyte 
vegetation with a depth of < 50 cm within 
2 m from the water line, and  
4. macrophyte vegetation only in the water 
line (sandy bottoms). 
Young burbot (I) were sampled in Lake 
Kuohijärvi from 1978-1980. Larvae (<20 mm) 
were sampled with a plankton net (mesh size 1-2 
mm bar-length) and a beach seine. Juveniles (>20 
mm) were sampled by electric fishing. The age of 
the fish was mainly determined by the total 
length (mm TL) of the fish, but when needed also 
from otoliths. All samples were taken in the 
littoral zone, at a maximum depth of 1 m, in the 
southern region of the lake. The material consists 
of almost 900 burbot, of which 620 were sampled 
by electric fishing (Eloranta 1985).  
The commercial catch is regularly monitored by 
the Finnish Game and Fisheries Research 
Institute. From these statistics, the burbot catch in 
squares 23 and 24 was used to represent the total 
regional burbot commercial catch. Recreational 
and subsistence catches were based on 5 local 
catch inquires (Sepponen and Hildén 1985, Hudd 
et al. 1987, Österholm-Granquist 1989, Moilanen 
1996, Kålax and Leskelä 1998; Fig. 3). For years 
of no recreational and subsistence catch 
estimates, the annual recreational/commercial 
catch ratio was assumed to be constant (II, IV) or 
linearly interpolated (III, V). The total catch was 
calculated by adding the recreational catch to the 
commercial catch. 
Unsorted catch samples of burbot were collected 
during 1979-1997 from the local commercial 
fishery. Since the articles II, III, IV, and V were 
written during a period over 7 years, all articles 
do not contain all burbot material, but all fish 
analysed were measured for total length (mm) 
and weight (g) and aged from otoliths. The 
samples were taken from fyke nets.  
Even if fyke nets are the most important fishing 
gear for the commercial fishery of burbot, a large 
proportion of the catch is taken with gill nets 
(Fig. 4). In 1981 over 50% of the recreational 
catch was taken with 46-60 mm gill nets 
(Sepponen and Hildén 1985) and the vast 
majority with all types of gill nets. In 1992, 50% 
of the catch was taken with 35-50 mm gill nets 
and 30% with > 50 mm gill nets. The remaining 
part was mostly taken with rod and hooks 
(Moilanen 1996). Whereas rod is unselective (J. 
Sami, pers com), gill nets, with mesh sizes 38-55 
mm are highly size selective for burbot and catch
fish of mean size 35-60 cm (Kjellman et al.
1993).
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Fig. 3. Catch of burbot off the River
Kyrönjoki 1979-2000 (line = commercial, dots 
= recreational plus commercial catch for years
with estimates of recreational catch). 
Concerning fishing effort, most of the local
fishery today is whitefish fishery (Hudd and
Leskelä 1998). The available statistics
(commercial and recreational) do not address
targeted species. Even if the local gill net effort
has fluctuated (Fig. 5), the fluctuation is probably
a reflection of the whitefish fishery.
Consequently, it can be concluded that the use of
only fyke net samples is a potential source of
error, but fyke nets probably give a representative
picture of all caught burbot in the area in
question, where the large changes in population
size are detectable in the VPA.
Fig. 4. Commercial catch of burbot in the
River Kyrönjoki by gear (Data according to
the Finnish Game and Fisheries Research
Institute). Note that the gill net classes
changed from 1980-1995 to 1996-2000.
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Fig. 5. Commercial fishing effort in the
influence area of River Kyrönjoki (catch
squares 23 and 24 data according to the
Finnish Game and Fisheries Institute). Note
that the effort in the fishing season (Hudd and
Leskelä 1998) Dec. 1979  March 1980 is 
underestimated due to no data from 1979.
Note also that the classification of gill nets 
changed from 1980-1995 to 1996-2000.
Statistics
Growth
Initially growth was studied as length-at-age, by
correlation of length-at-age with temperature and 
population abundance, regional commercial
catch, and catch per unit effort (II). Since attained 
length is dependent of length in the previous
year, adult growth was later studied with General
Linear Models (GLM) (I, III). The adult burbot
were sampled foremost before spawning in
February. Growth was therefore studied:
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where L = mean-length-at-age a in year t Pop =
population abundance (1000 ind), and DD =
temperature sum May-October (DD510). In the
GLM we also studied the interaction terms
aL
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This approach was suggested by Maceina (1992).
Growth rates of age-0 fish are dependent on
temperature (Karås 1987, Mooij et al. 1994,
Karås 1996, Mooij and Nes 1998), and the
relationship between growth rate and temperature
is nearly linear between minimum and optimum
temperatures for growth (Mallet et al. 1999).
Thus the relationship between observed length
and cumulative temperature over the minimum
temperature needed for growth is also linear,
provided that optimum temperatures for age-0 
fish growth/survival are not exceeded. Because
burbot is able to feed at temperatures
approaching 0ºC to over 20ºC (Pääkkönen 2000),
the young burbot size (mm total length), mean
daily (�L day-1) and absolute growth (�L) were
studied using age, year and year-class as 
categorical covariates over time and temperature
with similar general linear models:
L ��� �  (2 a)
���
�
� t�
d
L
 (2 b)
where �d = time, tº = temperature between
measurements, and � the slope of the growth
curve.
Population and recruitment estimates
Population estimates of burbot were calculated
with virtual population analysis (VPA; Gulland
1983). In the first step, the annual total catch of
each age-group (Ct) was calculated using the
estimated total catch, the age structure, and 
mean-weight-at age in annual catch samples.
Since the local professional fishermen claim to
release fish smaller than 500 g and our samples
were unsorted, burbot smaller than 500 g were
excluded from the catch age structure and mean
mass-at-age used in the VPA. In other analyses,
all fish were included. Considering that burbot 42
cm in total length holds a mass of 500 g (II) and 
that fish in this size-class is caught with 
approximately 42 mm gill nets (Kjellman et al. 
1993), the proportion of caught burbot smaller
than 500 g should be small both in the
recreational and commercial fisheries. Each age-
group in the terminal year was calculated as 
follows:
))( MFa ��
)2/(* Me
1(*
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�
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Thereafter, using iterations and minimising the
square sums errors, each cohort was calculated as 
follows:
1,1,1,1 * ta
M
tata CeNN ���� �� (4)
where Na,t = number of fish in age-group a at the 
beginning of year t, Fa = fishing mortality of age-
group a, and M = natural mortality. Initially
fishing mortality rates for the terminal year 
(equation 1) were set to 1. In the iterative
analyses, Fa was set to the average of each age-
group and calculated:
)
,
1,1
ta
ta
N
N ��ln(,ta MF ��� (5)
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The natural mortality rate was assumed to be 
constant. In the iterative analyses, the fishing 
mortality of age-group 9 (terminal age) was set to 
the mean of age-groups 7 and 8. Fishing 
mortality rates for the terminal year were set to 
the average of each age-class. 
The results of the VPA are largely dependent on 
M and F. In the VPA, the value M = 0.2 was 
used, which Hudd et al. (1984) -with mark and 
recaptures- found to be a realistic value. Natural 
mortality rates were also used (0.10, 0.15, 0.20, 
0.25, 0.30), but foremost it was anticipated that F 
was positively dependent of size-at-age, and thus 
dependent of growth. In sensitivity analyses, 
therefore, the fishing mortality was altered for the 
terminal year according to the SD of F in the 
VPA. In V, age-class specific Fa ± 0.5SD was 
altered. In III F was altered according to the 
confidence limits (cl) obtained in the VPA. To 
reduce the number of calculations 11 options 
were assumed for F, where each option appeared 
according to the normal distribution probabilities 
around their means, within their 95% cl for each 
age-group. Option 1 corresponded to the lower 
95% cl (i.e. mean-F-at age is an overestimation 
of F) for all age-groups, option 6 to the mean, 
and option 11 to the upper 95% cl of F. 
Thereafter, the VPA outcome of all events (n = 
5*11) of all years (n = 19) was calculated. 
The population dynamics for the 3 years of no 
burbot catch samples (1989-1991) was calculated 
assuming the mean mass-at-age and mean fishing 
mortality for each age-group and the annual 
means of Na,t= Na-1,t-1exp-(M+Fa-1,t-1) and Na-1,t-
1=Na,t*exp(M+Fa,t) by year-class sizes in 1988 
and 1992. Spawning biomass was calculated 
from the VPA using the annually corresponding 
mean mass-at-age obtained in the catch samples 
for all age-groups. In case of no corresponding 
mean mass-at-age, biomass of an age-group was 
calculated using mean mass-at-age for all 
samples.  
From the VPA, recruitment was estimated as the 
number of 3 (III, IV) or 4 (V) year olds in each 
year-class.  
In article VI, the occurrence of burbot larvae was 
studied in 5 basins in Lake Hiidenvesi. No larvae 
were caught in habitat types 3 and 4 in any of the 
basins. Therefore, these habitats were excluded 
from further analyses. For the statistical analyses 
the occurrence in each sample was encoded 0 for 
no larvae and 1 for at least one burbot larvae per 
scoop. The occurrence in the basins was 
compared with two-sided Dunn-Sidák 
experimentwise error corrected Fisher exact tests.  
Factors that influence recruitment
Environmental factors are suggested to be the 
main source causing noise to the recruitment of 
several fish species (Shepard et al. 1984, 
Rotschild 1986, Myers 1998). The population 
dynamics were, therefore, first studied assuming 
that recruitment was stock-independent. It was 
hypothesised that recruitment variability is 
caused by acidification (III, IV, V), temperature 
(III), and eutrophication (VI).  
In article IV the expected burbot recruitment was 
classified into 4 classes based on pH, from 
February to late autumn, and flow during the acid 
periods., Two pH thresholds, 5.0 and 5.5, were 
chosen for the classifications. Since the river 
water from the water quality measurement station 
is mixed with sea water at the reproduction area, 
the two thresholds were arbitrarily based on 
Beamish et al. (1975), who found burbot 
reproduction disturbed at pH 6.0-5.5, with the 
logic that the lower the pH the more harmful to 
reproduction the conditions will be. Flow was 
included, under the assumption that the higher 
the flow, the larger the part of the reproduction 
area is covered with river water. The recruitment 
was then compared with the classification for 
each year. 
In article V we moved from the ordinary scale to 
a continuous scale. Based on pH and temperature, 
annual pH-indices were calculated as the number 
of days below a pH-threshold value, 4.6-5.8 (with 
0.1 increments) during a limited time interval in 
spring. Likewise, pH-indices were calculated 
based on the number of days below a pH-
threshold value, 4.6-5.8, during a limited 
temperature sum (DD) interval, where annual DD 
was calculated beginning from the 25th of Feb. 
Recruitment and pH-indices, at different pH-
threshold values and over different time and 
temperature sum intervals, were correlated to find 
any period and pH-threshold that could have 
impaired the recruitment.  
Based on this, work recruitment was linearly
related to acidification (V). Finally, it was 
assumed that recruitment was stock density-
dependent (S/R), where age-0 survival,
additionally, was limited by acidification and/or
temperature. For the two environmental factors, 
acidification and temperature, functions were
used that gave values between 0 and 1. The S/R-
relationship was either described by a Ricker or a 
Beverton-Holt model:
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where R = number of recruits at age 3, S =
spawning biomass, nmax = number of days (21)
during the period May 7th 27th , nobs = number of
days with pH < 5.3 during 7th 27th  May, and 
DD = temperature sum during the period 7-27
(DDpH) or DD510. c, �, �, �, �, and � where
constants estimated using non-linear regressions
minimising the sum of squares from
untransformed values, assuming that 0 � � � 1.
The utility of significant functions was measured
by calculating AIC for each function.
For these analyses, it was hypothesised that 
recruitment variability is caused by the number of
acid (pH < 5.3) days during the early larva period
(V) and the temperature sum during the same
period (7th 27th May) or temperature sum of the
first growing season. The basis for choosing
these two periods was that recruitment variability
is most likely determined on the larva-stage
(Bradford 1992, Leggett and Deblois 1994).
Previous work indicates that the period 7th 27th
May corresponded to the early larva period. For
freshwater fish, the juvenile-stage dynamics may,
however, be more important in controlling
recruitment levels (Houde 1994). The period
May-October corresponds to the first growing
season of young burbot and this temperature sum
should therefore also correspond to the size at the 
end of the first growing season (I).
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Results and discussion 
Population dynamics of burbot off the River
Kyrönjoki
The burbot population abundance off the River
Kyrönjoki was the largest at the beginning of the
study period. Due to several acid periods during
the early and mid-1980s, the population
decreased to a minimum in the late 1980s. Since
the pH-conditions were less severe during the late 
1980s and early 1990s, the adult population grew
until it started to decrease in the late 1990s. The
recovery in the early 1990s was, however, largely
dependent on the terminal F (III, Fig. 6). In the
three years following the current study, 1998-
2000, the burbot catch monitored by the Finnish
Game and Fisheries research Institute were 17 
200, 18 200, and 12 700 kg, respectively (Fig. 3).
Therefore, the most probable outcome is that the
population largely recovered in the early 1990s,
but did not, in the late 1990s, decrease as much
as the high terminal F values would indicate.
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Fig. 6. Population dynamics of burbot off the
River Kyrönjoki 1979-1997 estimated with
VPA. The shaded area (on an interval scale
with 20 t increments) corresponds to of M =
0.10  0.30 and lower  upper 95% cl of mean
F-at-age.
Growth
What was  found
The growth of age-0 burbot was temperature-
dependent (I, Fig. 7). Their growth increased
with temperatures 4-18 ºC. For older burbot,
growth varied between years or year-classes.
Their growth was, compared to the age-0 group, 
less surface water temperature-dependent.
b
Fig. 7. Total length (mm) of age-groups 0-2 of
burbot year-classes 1978-1979 plotted against
degree-days since the first time the year-class
was sampled as age-0. Data from Lake
Kuohijärvi.
In the River Kyrönjoki, size-at-age did not differ
between the two sexes (II). The lengths-at age, 
though, changed over time (Fig. 8). The 
recruitment of herring, smelt, perch, and burbot
was strong in the late 1980s and early 1990s
(Hudd 2000). Consequently, the population-
dynamics of the species partly co-varied and the
correlations between burbot length-at-age and
herring biomass were positive at ages 3-7. The
correlations to the smelt population abundance
were positive and significant at ages 5-7. The
lengths-at-age showed high negative correlations
to the burbot and perch population abundances,
but no significant correlation to the mean
temperatures at 20 m depth in October (II). 
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Fig. 8. Mean length-at-age of burbot off the
River Kyrönjoki 1979-1997.
The growth of 4-8-year-old burbot was
significantly negatively affected by the size of the
fish ( aL�1tata LL ����� ,1,1 �� , r2= 0.14,
p<0.05, n =37). Growth was also negatively
affected by burbot population abundance and,
contrary to this hypothesis, negatively, but not
significantly, by summer temperatures (DD510).
Length-at-age-4 was also negatively related with
population abundance (III, Fig. 9).
Young
According to Eloranta (1985), growth of young
burbot was positively, but not significantly,
related to temperature. To me such a relationship
was unrealistic, since growth of other cold-water
species is temperature-dependent during the first 
year of life (Ottersen and Loeng 2000).
For a marine gadoid, cod, the temperature
requirements for growth increase with larva size. 
At 4 mm TL, the temperature for optimum
growth is ~10ºC, but the temperature  growth-
rate curve is flat, indicating an almost equally 
good growth at temperatures 4-16ºC. At 6 mm
TL, the optimum temperature is ~13ºC, but the
temperature  growth-rate curve is no longer flat. 
At 4ºC daily, growth-rate is only 1-3%, while at 
12ºC, it is 10-12% (Steinarsson and Björnsson
1999).
Fig. 9. Population abundance [filled dot = (M 
= 0.10, F = option 2)] plotted against mean
length-at-age-4 of burbot off the River
Kyrönjoki 1979-1997. The fit of the linear
regressions on top. F = option 2 is selected to
represent and underestimation of the
population size in latter years. For an
explanation to the options see page 17.
The positive relationship between temperature
and growth applies to larger juveniles as well. 
Two to three month old juveniles (60-90 mm TL)
are significantly larger in warmer years (Ottersen 
and Loeng 2000). For age-1 and older cod, the
temperature-dependency appears to decline or be
related to winter temperatures and food
availability (Jörgensen 1992, Campana et al.
1996, Sinclair and Swain 1996, Krohn et al.
1997, Michalsen et al. 1998).
The growth of cod seems consistent to a
temperature-dependent growth of burbot. Müller
(1960) found burbot 4-7 mm TL with exogenous
nutrition at 6°C, and growth to be good at
temperatures 10-14ºC. Lower temperatures,
however, appear to limit growth. Larvae do not
feed, if kept in water temperatures less than 8°C
(Jäger et al. 1981). 
At age-1, growth became less related to the
surface water temperature (I). This could
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alternatively be caused by 1) age-1 fish migrating 
to deeper water, 2) growth becoming more 
dependent on the amount of available resources, 
3) mortality is negatively related to the size of the 
fish. Under these circumstances, change in the 
mean size increases when mortality increases 
(Lappalainen et al. 2000). Another possibility is 
4) biases in sampling. A migration to deeper 
waters is supported by the sudden decline in 
burbot littoral mean length from 11.4 cm in June 
to 4.8 cm in July (Fischer and Eckmann 1997b).  
This upper length (>10 cm), when burbot migrate 
to deeper waters, does not only correspond to the 
length ranges of the age-1 burbot in this study, 
but also to the size when young burbot shift from 
a cladocera-copepod diet to an insect-benthic diet 
(Ryder and Pesendorfer, 1992); the main diet 
until the burbot, at past 20 cm, becomes 
increasingly piscivore (Guthruf et al. 1990, 
Tolonen et al. 1999). The length when growth 
became less related to surface water temperature, 
thus, corresponded to a period when the young 
burbot shift diet and habitat. 
Article I deals with age-0 and 1. Article II and III 
deal with age-groups 3-9. Consequently, this 
thesis tells little about the temperature 
dependency of the growth of juveniles, but 
interestingly enough, the density-dependent 
compensatory growth was evident already at age-
4; at a length where burbot, based on their 
lengths, had just become piscivores (III, Fig. 9). 
Because the density-dependent compensatory 
growth was evident already at age-4, I assume 
that inter- and intraspecific competitions effect 
the burbot already on the juvenile stages. 
Adult
Variations in length-at-age of burbot have been 
found in lakes (Carl 1992, Lehtonen 1998) as 
well as at sea (Gottberg 1912, Kjellman et al. 
1993). The burbot grows more slowly 
northwards, which Lehtonen (1998) associated 
with a generally lower production with 
decreasing temperatures, whereas Kjellman et al. 
(1993) and Tolonen et al. (1999), who found 
large variations in growth between populations at 
nearby sites or changed growth with time, 
assumed that differences in growth are dependent 
on differences in relative prey abundance.  
Also Carl (1992) assumed that burbot was limited 
by competition, but in a 10-year study he found 
no significant differences in length-at-age or 
population abundance, even when the abundance 
of their potential prey, lake trout (Salvelinus 
namaycush), fluctuated. 
The diet of burbot was not examined in this 
thesis. Burbot larger than 30 cm are, however, 
primarily piscivores (Gottberg 1912, Baily 1972, 
Tolonen et al. 1999), whereas juveniles and 
smaller burbot feed on insects and crustaceans 
(Ryder and Pesendorfer 1992, Tolonen et al. 
1999).  
Density-dependent growth is not only a question 
of intra-species competition. With improved pH 
conditions in the River Kyrönjoki during the 
1990s, other fish populations may have grown as 
well (e.g. smelt). This could alter both the inter- 
and intraspecific competitions. Under these 
circumstances, mass-correlations such as the one 
in II is not the most efficient method to detect 
causal relationships.  
Even if growth is density-dependent, the results 
also allowed other factors than population 
abundance to influence growth. The fit between 
population abundance and growth was low. Since 
burbot are able to consume larger amounts of 
prey in experimental conditions (Pääkkönen 
2000), one of these factors could be temperature. 
Pääkkönen (2000) predicted that during the 
summer burbot grow faster if they are able to 
catch enough prey.  
The negative correlation between summer 
temperature sum and growth (III) thus 
strengthens the indication of density-dependent 
growth. If higher temperatures increase the 
energy demand, it could be expected that there 
would be a negative relationship between growth 
and temperature when there is a shortage of food. 
Density-dependent growth of Gadidae appears to 
be an open question. Evidence can be found of 
density- (Sinclair and Swain 1996), temperature- 
(Campana et al. 1996) as well as both prey 
availability- and temperature-dependent growth 
(Jörgensen 1992, Ozhigin et al. 1995, Krohn et 
al. 1997). In the light of this thesis, growth does 
not appear to be a question of density- or 
temperature-dependent. Accuracy will be gained 
by including ambient temperature, population
abundance, and prey availability.
Recruitment
What was found
During the early study period (IV), the burbot
catch off the River Kyrönjoki consisted mainly of
two year-classes, 1975 and 1978. These two
years were also the only two years when the
water quality was classified as being good,
whereas year 1980, classified as being very poor,
was the weakest year-class. In other years, there
was a certain discrepancy between measured and
predicted year-class strength. The fit between the
measured and predicted year-class strengths was,
however, good enough to lead us to the
conclusion that reproduction failures were the
explanation to the decreasing catch throughout
the 1980s.
In article IV, the research was hindered by a lack 
of sufficient pH-data. The discrepancy between
measured and predicted year-class strengths was
strong, especially in 1979. This could be caused
by irregular water samplings, especially during
the 1970s and early 1980s when several weeks
could pass between two water samples. Linearly
interpolated pH-values for the days on no
samples may not be a sufficient method for
measuring the actual length of the acid period.
To overcome the largest problems of irregular
water sampling, in the next article V, only years 
with a dense sampling program were included. In
the springs 1983-1993, pH was on average below
pH 5.3 for 34 days during March-June. There
were, however, large differences between the
years. On a 30 day range, the most acid period,
with pH below 5.0, was between 18th April and
17th May. During these 30 days, pH was on
average below 5.0 for 10 days. For slightly better
pH-conditions, the most acid period occurred
somewhat later. For example, during the 30 day
period 25th Apr  24th May, pH was on average
below 5.5 for 18 days (Fig. 10).
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Fig. 10 a) The number of days (y-axis) the pH 
has been below a given threshold value
(contour) during a 30 day period. b) This 
number of days (y-axis) was correlated
(isopleths) to year-class strengths of burbot
1983-1993 (rp > |0.51|, p < 0.05). The first day
of the 30 day period is indicated on the x-axis
in both a) and b).
The importance of right timing of abiotic factors
on the recruitment of fish is well recognised.
Therefore, it came as no surprise that the YCS
variations were not determined by the severity of 
the acidifications. This, however, changed when
the timing of the acid period was considered.
Calculated over a limited time interval, the
correlation between YCS and pH-index was the
strongest (rp = -0.68, n = 11, p < 0.05) at the
threshold value, pH 5.3 on the 7th May and 20 
days thereafter (Fig. 10).
Favourable pH conditions do not, however,
guarantee strong year-classes. Year-classes 1991-
1993 appeared weaker, whereas year-classes
1988-1990 appeared stronger, than the pH-index
would predict. At this stage two questions were
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asked: 1) Were there other factors besides
acidification that influenced recruitment?; and 2)
Was fishing mortality overestimated?
In Lake Hiidenvesi, it could also be shown that
the occurrence of burbot larvae differed among
basins with different phosphorus levels (VI, Fig.
11). The occurrence of larvae decreased to
virtually zero when the water phosphorus
concentration approached 100 mg dm-3.
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Fig. 11. The proportion of samples with
burbot larvae (� 1 larvae/scoop) box-plotted
against total phosphorus concentration in four
basins of Lake Hiidenvesi. No phosphorus
measurements were obtained from the fifth
basin, visually determined as being the least 
eutrophic, Retlahti basin (Ret). The upper
whisker and far outlier express the proportion 
for the person with the highest catch
frequency. The larvae were sampled with 1 
and 2 dm3 scoops at 3-5 stations in each basin
by 4 persons on 14th May 1999 and by 3
persons on 19th May 1999.
Article III revealed that the total mortality was 
high, and the catch curve indicated that Z was
constant and high (0.93) for age-classes 6-10.
The mortality of age-groups 4-5 was lower
because these fish were not fully recruited to the 
fishery. No significant correlation was found
between length-at-age and mortalities of age-
groups 6-8. After exclusion of 2 outliers, the
mortality of both age-groups 4 and 5 increased
with the length of the fish. Mean F, for the
approximation of the population abundance, was
probably therefore an overestimation of the
terminal fishing mortality (Fig. 6).
Recruitment in 1979-1993 was negatively
affected by acidification. The pH-function alone
did not, however, explain more than half of the
recruitment variability. Assuming no relationship
between F and size of the fish, the bulk of the
recruitment variability could be described with
both the stock density-independent and 
dependent acidification limited survival
functions. The S/R-relationship could be 
described with a Ricker function. Together with
pH, the S/R function described more than 90%
the recruitment variability (Fig. 12), where
summer temperatures only had a slight further
positive impact on recruitment and was 
significant only if mean F-at-age was a grave
overestimation of terminal F (III). 
120
Fig. 12. An acidification limited age-0 survival
stock-recruitment plot. Recruitment as the
number of 3-year-olds and spawning biomass
for burbot off the River Kyrönjoki 1979-1993
(M = 0.2, F = option 6). The impact of
acidification was measured as the number of 
acid days (pH < 5.3) May 7th 27th  in each 
year. In front, with a dashed line, is the Ricker
stock-recruitment function when not impaired
by acidification.
If the function R = f(pH, S) was settled for, the
strong burbot year-classes of 1988-1991 most
likely failed to furnish a strong recruitment
similar to that of 1978 (Fig. 13). If the probability
that temperature affected recruitment is
recognised, i.e. that mean F-at-age was an 
overestimation of the terminal F, it is evident that
the S/R-relationship had not changed when
comparing the study period to the situation in
1978 (Fig. 13).
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Fig. 13. Simulated stock-recruitment
relationship (at M = 0.2 and F = option 1-11
for burbot off the River Kyrönjoki. The S/R 
distributions of A) the significant f(pH,
Ricker, DD510) functions assuming f(T) = 1 and
f(pH) = 1, and B) the significant f(pH, Ricker)
functions. The distributions are presented on
interval scales, and are compared to the
estimated recruitment and corresponding
biomass in 1978 (filled dot, M = 0.2, F = option
6).
In this case, whether it is decided that R = f(S, 
pH) or R = f(S, pH, T), is a question of how
much confidence can be placed on the accuracy 
of the VPA, and especially on how much
confidence can be placed on the accuracy of F for 
the terminal year. Whether temperature affects
recruitment or not is not a trivial question,
however. If temperature affects recruitment, our 
results indicate that the population is capable of a 
recovery.
pH
Soil-borne acidification in the River Kyrönjoki
was the main factor regulating all fish population
dynamics during the 1980s. However, the water
quality did begin to improve from the late 1980s.
Similarly, as acidification had previously
hampered reproduction, the reproduction of
virtually all fish species gained due to the
improved water quality (Hudd 2000).
The period of negative significant correlations
between the pH-index and YCS corresponded to
the hatching and early free life stages of burbot. 
Not only is there a higher sensitivity among
hatching and newly hatched fish larvae in general
to acidity (Tuunainen et al. 1991, Sayer et al. 
1993), but burbot in particular are also vulnerable
due to their pelagic phase (Hudd et al. 1983,
Eloranta 1985, Ghan and Sprules 1991, Fischer
and Eckman 1997a).
Beamish (1976) suggested that burbot stopped
reproducing in pH 5.5-6.0. More than 90% of 
exogenous feeding burbot larvae in the River
Kyrönjoki died if kept in pH 4.6-4.8 for more
than 3 days, whereas the survival rate was close
to 80% at pH 5.2 (Hudd et al. 1984). The
strongest negative correlation between the pH-
index and YCS (V) at the pH-threshold 5.3
should, however, not be interpreted as the lower
pH-threshold for burbot reproduction.
The newly hatched burbot are found in the
estuary (Hudd et al. 1983), where a 10% dilution
of the river water with seawater may already be
enough to increase the pH from 4.6 to over 5 
(Meriläinen 1985). It is, thereby, likely that the
burbot is exposed to water of a higher pH than
the noted threshold pH 5.3. However, what is
more interesting than the pH-threshold is that the
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reproduction was successful also in years when 
the pH was below 5.3, even for several weeks, if 
the acid period took place between spawning and 
hatching.  
Stock-recruitment
Whenever age-0 survival is size-dependent and 
age-0 growth temperature-dependent, the 
temperature  age-0 length  age-0 abundance  
recruitment relationships should be positive. For 
fish population near their northern distribution 
range, this temperature signal often overrides 
density-dependent effects on recruitment (Myers 
1998).  
Hudd et al. (1996) noted that when the pH does 
not cause recruitment failures other factors, e.g. 
temperature for perch, influence recruitment. 
This was found for burbot as well. In this case the 
other process was a dome-shaped S/R-
relationship. Even if the S/R relationship was 
based on a partly dependent time series, the 
results obtained during this research give further 
support that the either/or approach to biotic vs.
abiotic factors as being the primary cause of 
variability, is flawed (Leggett and Deblois 1994), 
and that density-dependent processes operate to 
moderate survival during stages prior to 
recruitment to the fishery (Anderson and Gregory 
2000).  
Anderson and Gregory (2000) demonstrated a 
density-dependent relationship in the 
geographical distribution of 1- and 2-year old 
cod. When habitats differ in resources, such as 
available prey or refugia from predation, an 
increasing abundance should result in an increase 
of spatial distribution, forcing the young fish to 
select suboptimal habitats and lower their rates of 
survival. Even if burbot are rarely cannibalistic 
(Gottberg 1910; Baily, 1972; Guthruf et al., 
1990; Fratt et al., 1997), their biology strongly 
indicates predator avoidance (Fisher and 
Eckmann 1997; Fischer 2000; Hofmann and 
Fischer 2001). Our indication of density-
dependent juvenile growth (evident at age-4) is 
consistent with habitats differing in resources, 
such as available prey. If the habitats also differ 
in predation refugia, it may actually be expected 
that when the population is large the predation 
mortality on juveniles will be high (Anderson and 
Gregory 2000). 
Temperature
In the Barents Sea, cod, haddock 
(Melanogrammus aeglefinus), and herring year-
class variations are not only closely linked to 
temperature, but also to age-0 length and 
abundance (Ottersen and Loeng 2000). In more 
southern areas, the environmental  
oceanographic effect also generates variability in 
cod recruitment, although density-dependent 
effects, during juvenile stages, attenuate the 
variability (Myers and Cadigan 1993, Hislop 
1996, Anderson and Gregory 2000). 
According to the bigger is better hypothesis 
(Sogard 1997) and the temperature-dependent 
age-0 growth of burbot (I), burbot recruitment 
should be related to spring/summer temperatures, 
and thus co-vary over large areas. Indeed, during 
the period 1976-91, the Finnish commercial 
burbot catch per unit effort between the Bothnian 
Sea and the Archipelago Sea correlated (rs = 0.82, 
p < 0.01, n = 16), and the regional burbot CPUE 
also correlated to perch CPUE (Botnian Sea: rs = 
0.45, p < 0.10; Archipelago Sea: rs = 0.59, p < 
0.05; n =16) (Lehtonen et al. 1993). Since perch 
recruitment is highly variable and related to 
temperature in the Baltic Sea area (Böhling et al., 
1991), it would thus appear that burbot 
recruitment is also temperature-dependent. 
Weak recruitment tended to coincide with cold 
summers. This temporal match/mismatch was 
also a probable cause to summer temperatures 
operating as a cause to recruitment variability, 
rather than attenuating variability. A statistically 
weak relationship between recruitment and 
temperature could, however, be anticipated. For a 
single population in the core of its distribution 
range, the recruitmenttemperature is generally 
not significant (Planque and Frédou 1999, 
Carscadden et al. 2000).  
Eutrophication
Burbot has either disappeared or populations 
have decreased in several lakes with phosphorus 
21
levels > 50 µg dm-3 (Tammi et al. 1997). In 
eutrophic lakes, oxygen may be depleted, 
supposedly increasing the mortality of bottom 
spawning fish eggs. Sedimentation may also 
suffocate the eggs, and littoral larvae are exposed 
to high pH and oxygen depletion in densely 
vegetated muddy littoral zones. Since these 
factors increase with an increasing level of 
eutrophication (Hansson 1985, Tammi 1996) 
burbot, as a winter, bottom spawner and with 
littoral larvae, should be vulnerable to 
eutrophication.  
In the River Kyrönjoki, the phosphorus 
concentration is about 100 µg dm-3. Potentially, 
recruitment could, thus, also be limited by 
eutrophication here. In the case of the River 
Kyrönjoki, however, eutrophication should not be 
the cause to the smaller than predicted 
recruitment. During the 1990s, the phosphorous 
and nitrogen discharges from the River 
Kyrönjoki have, if anything, decreased 
(BERNET 2000). 
Conclusions
�� The catch statistics showed a decreasing 
burbot catch off the River Kyrönjoki 
throughout the 1980s. When comparing 
the catch of the study area to the total 
catch in the seas of Finland, there was 
also a relative decrease in the burbot 
catch off the Kyrönjoki River. In the 
beginning of the 1980s, the catch off the 
River Kyrönjoki comprised 10% of the 
sea catch. In 1990, the corresponding 
figure was 3%.  
�� The absolute and relative decline in 
catches was due to acidification-limited 
age-0 survival (I, III, IV, V). When the 
population abundance declined, the 
individuals responded with a faster 
growth (II, III). When the episodic 
acidification levelled off in the late 
1980s and early 1990s, the growth 
declined. Growth was most likely 
density-and temperature-dependent. 
�� The most probable population size in 
1997 was estimated with low age-
specific F. This means that F was size-
dependent, and hence that burbot 
recruitment was affected by pH during 
the larva stage, temperature sum of the 
first growing season and adult 
population size. 
�� This thesis was initiated to estimate how 
much of the recruitment was lost due to 
the direct effects of episodic 
acidification (IV). Although these 
effects were substantial, the thesis ends 
by concluding that the estimates of the 
direct effects may be utterly biased 
unless consideration is also placed on 
density-, trophy-, and temperature-
dependent effects. Because both 
scientists and managers need accurate 
information, a most pressing task for 
further research is to link the stock 
recruitment relationship directly with the 
biological-physical setting. 
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